By direct imaging we determine spin structure changes in Permalloy wires and disks due to spin transfer torque as well as the critical current densities for different domain wall types. Periodic domain wall transformations from transverse to vortex walls and vice versa are observed, and the transformation mechanism occurs by vortex core displacement perpendicular to the wire. The results imply that the nonadiabaticity parameter does not equal the damping , in agreement with recent theoretical predictions. The vortex core motion perpendicular to the current is further studied in disks revealing that the displacement in opposite directions can be attributed to different polarities of the vortex core.
Controlled manipulation of magnetic systems by current injection has become an exciting field of research since its theoretical prediction more than ten years ago [1, 2] . Recently the feasibility of current-induced domain wall motion (CIDM) has been demonstrated by a number of groups using different techniques [3] [4] [5] [6] [7] [8] .
In a magnetic wire, two head-to-head domain wall (DW) configurations prevail: the vortex wall (VW) [ . In a VW the magnetization curls around a vortex core, where the magnetization points out-of-plane to reduce the exchange energy. The VW can be characterized by the sense of rotation of the in-plane magnetization [e.g., clockwise in Fig. 1(a) ] and the polarity of the vortex core, that is to say the direction of the out-of-plane magnetic component (up or down). Injecting a spin-polarized current across the DW results in a displacement of the DW in the direction of the electron flow, which for VWs has been observed experimentally by a number of groups [5] [6] [7] . While TWs have been obtained as a result of a single transformation of a VW to a TW, these TWs could not be moved anymore [7] , so that to date no direct imaging of the displacement or the transformations of TWs has been made available. Furthermore the physical reason for the transformation could not be unambiguously determined, since only one single transformation from a VW to a TW was observed.
In order to address the spin torque effect theoretically, additional terms have been added to the Landau-LifshitzGilbert (LLG) equation [9] [10] [11] [12] [13] . These spin torque terms corresponding to the influence of the spin-polarized current are shown in the explicit form in the following equation for the current flowing in the x direction [12] [13] [14] [15] 
represents the current-induced torque acting on the (dimensionless) spin S. u x is given by u x j e Pg B =2eM s with current density j e , polarization P, and the saturation magnetization M S [14] . is the damping constant and the nonadiabaticity parameter. While these extra terms explain CIDM, they also predict a distortion of the DW depending on the choice of parameters [11] . In particular, the last term is responsible for an out-of-plane torque, which leads to a deformation of the DW spin structure resulting in DW transformations.
In a certain range of wire dimensions both DW types can coexist since they both constitute local energy minima [16] and periodic transformations are predicted in these wires under current injection [12] . Starting with a clockwise VW [see Fig. 1(a) ], the vortex core will feel a force perpendicular to the current so that it is moved not only in the electron flow direction but also perpendicularly towards the wire edge. The direction of this perpendicular displacement is determined by the polarity of the vortex core and the sign of ( ÿ ). For large enough current densities the vortex core is expelled and a TW is formed [see Fig. 1(c) , assuming the vortex core moved down). Then a new vortex is nucleated with the same clockwise sense of rotation as in Fig. 1 (a) but with opposite polarity, which starts to move in the opposite direction (upwards). So a new VW is formed with the same in-plane contrast as the former one but an opposite out-of-plane component. When the vortex core is expelled at the upper edge, a TW is created [see Fig. 1(d) ] with the opposite transverse component of the wall spin structure as the previous TW. Then again a new vortex core is nucleated and this periodic transformation process continues as long as current is injected. During this whole process the in-plane sense of rotation of the VWs stays the same as the original one, and a counterclockwise VW as shown in Fig. 1(b) does not occur.
The details of the transformations are governed by the nonadiabaticity parameter , and a number of theoretical models exist to calculate . Zhang and Li [15] argued that should be in the range of 10 ÿ2 . They further found that this factor is crucial for continuous CIDM. Xiao et al. [17] cast doubt on the existence of the nonadiabaticity parameter due to spin-flip scattering but introduce a spatially varying that depends on the gradient of the magnetization.
The most hotly debated issue is the relation between and the damping constant , since this also depends on the type of damping used (Landau-Lifshitz damping vs Gilbert damping) [18] . Kohno et al. [19] calculated microscopically the nonadiabaticity parameter from the spin relaxation of conduction electrons and found that in general Þ . In contrast, Tserkovnyak et al. [20] and Barnes et al. [21] claim that should equal . This view has become very popular since it allows one to use the LandauLifshitz damping rather than the Gilbert type of damping, which some consider to be the more appropriate type [18, 22] .
Under the assumption that , no transverse movement of the vortex core and thus no transformations should occur in a wire. Up to the present time no reliable experimental data have become available and experiments addressing this topic are thus of utmost importance.
In this Letter we investigate current-induced DW motion and transformations in ferromagnetic Permalloy (Py) zigzag lines. We determine the transformations and vortex core displacements for consecutive pulse injections to investigate whether random thermal excitations or spin transfer torque effects govern the spin structure changes and gain insights into the nature of . The critical current densities for VWs and TWs are determined and compared.
In Py disks, vortex core displacement is observed in the direction perpendicular to the current, which is correlated with the vortex core polarity.
Figure 1(e) shows a scanning electron microscopy (SEM) image of the Py wavy lines that are 8 nm thick and 1500 nm wide. The lines are contacted by Au pads on both ends for current injection. The samples were produced on a Si substrate by electron beam lithography and a twostep lift-off process [23] .
X-ray magnetic circular dichroism (XMCD) photoemission electron microscopy is used to image the magnetization [24] with an angle of incidence for the x-ray beam of 16 . An XMCD image of the initial configuration is presented in Fig. 1(f) , where the wires were magnetized inplane with an external field along the direction indicated by the arrow. After reducing the field, transverse DWs are formed at the kinks. The wire geometry was chosen to be close to the phase boundary between VWs and TWs so that both kinds of DWs are stable [16] .
After the initialization, we inject 25 s long unipolar current pulses with a current density of about 1 10 12 A=m 2 . The magnetization is imaged after each injected pulse at room temperature. We observe that current injections displace the DWs in the electron flow direction and also induce DW transformations. After the first current injection, transformations of the initial TWs to VWs are observed. Subsequent current injections result in transformations back to TWs. Further injections can then again transform the TWs to VWs. Different reasons could be responsible for such transformations: spin transfer torque is predicted to yield such transformations for Þ , but transformations can also be induced by thermal activation and defects [16] . To distinguish between the causes we can make use of the fact that for a given initial DW configuration the spin transfer torque predicts transformations that result always in the same sense of rotation for the VWs [12, 25] . If the observed transformations were thermally or defect induced, both senses of rotation should occur equally often. From 17 observed transformations from a TW we only saw transformations to a clockwise VW, and no counterclockwise VW occurred. The DWs were located on different wires and kinks, but all had the same initial configuration [see DW in Fig. 2(a) ]. This symmetry breaking feature clearly rules out thermal activation and defects, but perfectly fits to the spin torque model under the assumption that Þ , which is in agreement with the theoretical prediction of Kohno et al., for instance [19] . Furthermore, for more than 30 observed current-induced VW motions the sense of rotation stayed constant and did not change, as expected by theory.
An example of a sequence of observed transformations for one DW is presented in Fig. 2 . The top row shows the recorded images after subsequent current injections, and the bottom row shows results from a corresponding micromagnetic simulation [25] . The initial TW located at a kink [ Fig. 2(a) ] is displaced after the first current injection and additionally transformed into a clockwise VW [ Fig. 2(b) ]. A second injection again displaces the DW and results in a TW with an opposite transverse component of the wall spin structure compared to the first [ Fig. 2(c) ]. The next injection yields an off-center VW [ Fig. 2(d) ] and the wall then attains again a clockwise VW structure after another injection [ Fig. 2(e) ]. Note that the different contrast of the VWs in Figs. 2(b) and 2(e) arises from the fact that they were located on different branches of the zigzag wire, which is taken into account in the corresponding simulations.
The transformation mechanism due to the spin torque model is based on the displacement of the vortex core perpendicular to the current towards the wire edge. We obtain direct evidence for this mechanism by the observation of an off-center VW as shown in Fig. 2(d) . Normally this state should immediately relax back into a VW, but probably a defect stabilizes the vortex core in this offcenter position. This intermediate state occurs during the transformation process and is direct evidence for the perpendicular motion and eventual annihilation of the vortex core predicted by theory.
In this geometry we can carry out another important experiment to understand the previous results about the DW that could not be moved anymore after it had transformed from a VW to a TW [7] . Since we observe VWs and TWs in the same geometry, their critical current densities can be directly compared. The lowest critical current density at which CIDM was observed for TWs is 9 10 11 A=m 2 , whereas CIDM for VWs was observed already at 7:5 10 11 A=m 2 . According to recent calculations [13] , this can be explained by a stronger pinning for TWs at edge irregularities and explains why the TW in [7] could not be moved with the same current densities as the VW from which it transformed.
Current-induced vortex core displacement is predicted also to occur in magnetic disks, and thus we have studied current injection into Py disks containing a vortex spin structure. An SEM image of a disk is presented in Fig. 3(a) . A vortex core is formed in the center of the structure as visible in the XMCD image shown in Fig. 3(b) .
Current injection will displace the vortex perpendicular to the current until the spin torque is compensated by a restoring force that tries to move the vortex back into the center position. The direction of the displacement is predicted to depend on the vortex core polarity [26] . After switching off the current, the vortex will relax back to the center, but defects can pin the vortex core and keep it at the off-center position even after the current is switched off.
To investigate the current-induced vortex core displacement we injected current pulses with alternating direction into the Py disks. The vortex core polarity was defined prior to injection by a strong external out-of-plane magnetic field. We observe that if in the same disk the vortex core polarity has been changed, the current direction also had to be reversed to obtain a displacement in the same direction. This behavior cannot be explained by the Oersted field generated by the current, since an Oersted field will displace the vortex core parallel to the current and depends mainly on the in-plane sense of rotation, which stayed constant. From this we can conclude that the vortex core displacement is a result of the spin transfer torque and the direction of the displacement depends on the polarity of the vortex core.
Displacements for one polarity are shown in Fig. 3 . After a current pulse (6:5 10 11 A=m 2 , 25 s long), the cen- tered vortex is shifted about 500 nm perpendicular to the current flow and pinned at an off-center position [ Fig. 3(c)] . A second pulse with reversed direction brings back the original centered vortex core [see Fig. 3(b) ]. This is repeated several times with varying current direction and the result is shown in Fig. 3(d) . The relative position of the vortex core perpendicular to the current is shown as a function of the injected pulses. Negative pulses always shift the vortex off-center to the left, whereas positive pulses result again in a centered vortex. The fact that we observe a shift in only one direction indicates that there is just one pinning site close to the structure center strong enough to stabilize the off-center vortex. The experiment was also conducted on other disks where we observed the same kind of displacement with one pinning center. In a few disks there was no permanent displacement; presumably no defects are present and so the vortex core always relaxes back into the center.
Using the theoretical predictions from Ref. [26] , a final equilibrium core displacement during the pulse of about 200 nm is expected for our setup. However, the vortex will conduct a precessional motion and the maximum distance from the equilibrium position will be about twice the equilibrium distance. This is in the range of the distance from the center to the defect. Thus the spin torque is able to drag the vortex to the defect, in agreement with our observation that for lower current densities the permanent shift of the vortex to the defect after pulse injection becomes less likely.
In conclusion, we have given direct evidence for the vortex core displacement due to the spin transfer torque in magnetic wires as well as in magnetic disks. The observed DW transformations in the 1500 nm wide and 8 nm thick Py wires are in very good agreement with theory of the spin transfer torque, while thermal activation and defects can be ruled out as a cause. Moreover, the transformations can only be reproduced theoretically for Þ . Comparing the critical current densities j c for TWs and VWs we find a larger j c for TWs in agreement with theory, which explains the surprising stopping of TWs in earlier experiments. Direct observation of vortex core displacement perpendicular to the current was observed in Py disks, and the displacement in opposite directions is attributed to the different polarities of the vortex cores. (d) Position of the vortex core vs consecutive injected pulses, the sign at the data points indicates whether a positive or negative pulse has been injected.
